NGC 4649 (M60) is one of a handful of giant Virgo ellipticals. We have obtained Gemini/GMOS spectra for 38 GCs associated with this galaxy. Applying the multiindex χ 2 minimisation technique of Proctor & Sansom (2002) with the single stellar population models of Thomas, Maraston & Korn (2004) we derive ages, metallicities and α-element abundance ratios. We find several young (2-3 Gyr old) super-solar metallicity GCs, while the majority are old (>10 Gyrs), spanning a range of metallicities from solar to [Z/H]=-2. At least two of these young GCs are at large projected radii of 17-20 kpc. The galaxy itself shows no obvious signs of a recent starburst, interaction or merger. A trend of decreasing α-element ratio with increasing metallicity is found.
INTRODUCTION
Accurately determined ages, metallicities and α-element abundances of globular cluster (GC) systems across the entire range of galaxy types can provide strong constraints for galaxy formation models. One example of such a constraint is the recently observed trend of decreasing α/Fe ratios with increasing metallicity for extra-galactic GC systems (Puzia et al. 2005; Pierce et al. 2005a,b) . This trend restricts the allowable chemical enrichment histories, relative contribution of Type Ia vs Type II supernova, and star formation timescales for galaxies well beyond the Local Group, where there is little possibility of directly resolving stellar populations.
To accurately measure ages, metallicities and abun-⋆ mpierce@astro.swin.edu.au dance ratios with Lick indices from low-resolution spectra requires a minimum S/N of ∼30, which corresponds to an Hβ error of ±0.3Å (Cardiel et al. 2003) . With an integration time of ∼8 hours on an 8-metre class telescope it is possible to obtain multi-object spectra to this depth for the brightest GCs of a rich GC system for galaxies within ∼20 Mpc of the Milky Way.
A major aim of most moderate to high S/N GC spectroscopy has been to measure ages and hence infer when GC formation occurred. Spectroscopic follow-up is a complimentary approach to recent photometric results. Rhode, Zepf & Santos (2005) show that the mass-normalised number of blue GCs increases with host galaxy mass. This suggests that the formation of blue GCs is affected by the mass of the host halo. The observed "blue tilt" correlation between GC luminosity and colour of the blue, metal-poor, sub-population ; Harris et al. 2005 ) requires significant spectroscopic follow-up to be both confirmed and understood. Another property of the blue sub-population to be studied is the correlation between host galaxy luminosity and mean blue GC sub-population colour (Strader, Brodie & Forbes 2004b) , which implies a correlation between galaxy mass and blue GC metallicity. This is another indication that the formation of blue GCs is affected by the mass of the host halo.
The majority of the most recent GC spectroscopy for large ellipticals has focused on group ellipticals (e.g. NGC 1052 Pierce et al. 2005a; NGC 3379 Pierce et al. 2005b; NGC 3610 Strader et al. 2003 NGC 5128 Peng et al. 2004; NGC 2434, NGC 3379, NGC 3585, NGC 5846 and NGC 7192 Puzia et al. 2004) .
From the literature there are several large ellipticals in clusters for which GC spectra have been analysed to measure ages and metallicities. Cohen, Blakeslee & Ryzhov (1998) present spectral indices for 150 of M87's GCs. These vary in S/N, with a sizeable fraction of high enough quality to be useful. Co-adding GCs of similar metallicity, they find the GCs are generally old (≥10 Gyrs) with metallicities spanning from [Fe/H]=-2 to above solar. Cohen, Blakeslee & Cote (2003) measure metallicities for 47 GCs associated with NGC 4472 (M49). However the S/N is less than 30 for all of the spectra and therefore ages for individual GCs cannot be measured with any confidence. Beasley et al. (2000) co-added spectra for NGC 4472 GCs finding both the metalrich and metal-poor sub-populations to be old.
For the Fornax cluster, Kissler-Patig et al. (1998) measured metallicities for 18 GCs around NGC 1399. Forbes et al. (2001) presented higher S/N spectra for 10 GCs and found two to be young (1-2 Gyrs). From the Goudfrooij et al. (2001) spectroscopic sample of NGC 1316, only the spectra of 3 exceptionally bright GCs have high enough S/N to measure ages. The Lick indices of all 3 bright GCs indicate a young age (∼3 Gyrs) corresponding to the host galaxy's recent merger event. The GC colour-magnitude plot for NGC 1316 is atypical in that there is a significant population of bright, intermediate-colour GCs.
One galaxy with what appears to be conflicting results is NGC 4365 in the Virgo cluster. Brodie et al. (2005) present spectroscopic results for NGC 4365 GCs and find some GCs previously thought to belong to an intermediate age sub-population Puzia et al. 2002) , are in fact an intermediate metallicity sub-population with old ages. Kundu et al. (2005) present HST NIC3 H-band data and find that these agree with earlier claims of a GC sub-population with intermediate ages 2-8 Gyrs. There appears to be no consensus yet for the GC population of this galaxy, unlike other systems.
While possessing a larger GC population, cD and brightest cluster galaxies have the additional complication of GCs potentially associated with the cluster potential. The Virgo cluster elliptical NGC 4649 (M60) is a worthy target for GC spectroscopy as a non-central, giant, cluster elliptical.
NGC 4649 (M60) is luminous, MV =-22.38, and relatively nearby at D=16.8 Mpc. UV data for the galaxy light suggests a major old population, plus minor on-going starformation (Magris & Bruzual 1993 ). However, from optical spectra, Terlevich & Forbes (2002) Randall et al. (2004) find some structure in the diffuse gas.
The GC imaging study of Forbes et al. (2004) found the standard colour bimodality and SN =4.1. Assuming the two sub-populations have similar mass functions, this suggests a similar formation age. NGC 4649 is one of the galaxies with the observed "blue-tilt" . Recently Spitler et al. (2006) have shown that the "blue-tilt" is present amongst the GC population of a nearby spiral galaxy, the Sombrero. Unfortunately our spectroscopic sample does not sample far enough down the luminosity function to adequately test hypotheses regarding the "blue-tilt".
OBSERVATIONS AND DATA REDUCTION
The observations described below are part of Gemini program GN-2002A-Q-13. GC candidates were selected from Gemini North Multi-Object Spectrograph (GMOS; Hook et al. 2002) imaging, obtained during 2002 April, for three fields around NGC 4649. The data reduction and GC candidate selection process is described in Forbes et al. (2004) and Bridges et al. (2006) .
GMOS masks for three fields were designed, but only the central field was observed within the time allocated. Spectra of NGC 4649 globular clusters were obtained with GMOS on the Gemini North telescope during 2003 on May 31, June 1, June 4 and June 27. Seeing ranged from 0.65-0.9 arc-seconds over the four nights. Exposures of 16×1800s were taken, yielding a total of 8 hours on-source integration time. Bias frames, dome flat-fields and Copper-Argon (CuAr) arc exposures were taken as part of the Gemini baseline calibrations. From the CuAr arcs, wavelength solutions with typical residuals of 0.1Å were achieved.
These data were reduced using the Gemini/GMOS packages in IRAF and a number of custom made scripts (see Bridges et al. 2006 for details). After some experimentation, optimal (variance) extraction was found to yield the best results since our data are over-sampled on the detector. In some cases, objects were too faint to trace individually and we therefore co-added several 2-d images, taken adjacent in time, to act as a reference for the extractions. We verified beforehand that flexure was minimal between the reference images. Finally, the extracted spectra were median combined and weighted by their fluxes with cosmic ray rejection.
In the absence of any velocity standard stars, the recession velocities were measured by using six Bruzual & Charlot (2003) model stellar energy distributions (SEDs) for 14 and 5 Gyr ages with metallicities [Fe/H] = -1.64, -0.33 and +0.1. The task FXCOR in IRAF was used and the average was taken. Objects with recession velocities in the range 1100±600 km/s are potentially associated with NGC 4649. These are presented in Table 1 . There was one background object (a QSO at z∼0.5) out of the 39 spectra obtained. Our low contamination rate of 2.5% is due to good imaging and colour selection.
In order to measure Lick indices, we convolved our spectra with a wavelength-dependent Gaussian kernel to match the resolution of the Lick/IDS system (see Beasley et al. 2004b ). Lick indices (Trager et al. 1998) were measured from our spectra. Due to the variable wavelength ranges in these spectra, the same set of indices could not be measured for all spectra. However, all covered a wavelength range of 4500-5500Å. Uncertainties in the indices were derived from the photon noise in the unfluxed spectra. No Lick standard stars were observed so we therefore cannot fully calibrate the GCs onto the Lick system (see Pierce et al. 2005b) . Consequently there are some small systematic differences between some of the measured indices and those used in the SSP models. These issues are discussed further in Sections 3 and 4. Measured line indices and are presented in Tables 2 and 4 . Line index uncertainties are presented in Tables 3 and 5 . The final spectra have S/N = 5-21Å −1 at 5000Å, giving errors in the Hβ index of 0.12-0.38Å.
AGES, METALLICITIES AND α-ELEMENT ABUNDANCE RATIOS
In this section we describe the measurement of ages, metallicities and α-element abundances which are presented in Table 6 . We apply the χ 2 multi-index fitting technique of Proctor & Sansom (2002) for this analysis. This method involves the comparison of the measured Lick indices with SSP models (its application to extra-galactic GCs is described fully in Pierce et al. 2005a,b) . The SSP models of Thomas, Maraston & Korn (2004; hereafter TMK04) were chosen because these include the effect of α abundance ratios on the Balmer lines, unlike the models of Bruzual & Charlot (2003) and Vazdekis (1999) .
We compare the measured Lick indices to the TMK04 SSPs and obtain a minimum χ 2 fit. This fit is initially sought using all the indices measured. Simultaneously, a set of χ 2 minimisation fits are found with each of the indices omitted. From this set, we select the fit with the lowest total χ 2 , remove the necessary index and repeat until a stable fit is achieved with no highly aberrant (> 4 σ) indices remaining. All GCs had some indices that were significant outliers to the fit and therefore removed during this process. The errors given for the derived parameters are statistical 1σ confidence intervals calculated by a Monte Carlo style method (see Proctor et al. 2004 and Pierce et al. 2005a for details).
The molecular band indices Mg1 and Mg2 are systematically offset due a number of calibration issues and were excluded for all GCs (see Proctor et al. 2005; Pierce et al. 2005b ). Similar to other GC studies (e.g. Beasley et al. 2004a) we find the CN indices to be enhanced relative to the models and therefore they were also removed.
From our sample of 38 GCs, 8 had poor or uncertain fits. We will identify these with open symbols in all figures. In particular, GC 640 is found to be very metal-poor. We find a Brodie-Huchra (Brodie & Huchra 1990) For GC 1443 there exists a conflict between the indices Fe4531, Fe5270 and Fe5335 which suggest a low metallicity and Fe4383, C4668, Fe5406, Fe5015 and Mgb which suggest the GC has super-solar metallicity. We find the more compelling fit is for a young and super metal-rich GC, however, this result is uncertain. Neither the Brodie-Huchra metallicity nor the photometric colours offer any strong constraint.
Low S/N makes a stable fit difficult for GCs 158 and 318. The inclusion or exclusion of single indices, that are well below any clipping threshold, can change the resulting fit. GC 318 is potentially part of the so-called "H" GC subpopulation noted by Strader et al. (2005) of intermediate colour GCs, at approximately the turn-over magnitude. GC 158 is in the magnitude range as well, but is too red to be considered a part of this sub-population.
For GC 298, Hβ and Hγ suggest different ages (similar to the Galactic GC NGC 6171, see Proctor et al. 2004) . The metal sensitive indices suggest that this GC is metal-poor and therefore more likely to be older than 5 Gyrs.
The ACS images (Proposal 9401, see Bridges et al. 2006) show GC 558 is extended and therefore is possibly a stripped dwarf. The χ 2 fit for 558 gives an old, metal-poor population with an apparently negative [E/Fe] . If this really is a stripped dwarf we do not necessarily expect to be able to fit it with a single stellar population due to potential stellar population gradients. We note that there are complex issues with sky subtraction around Mgb for this object on some nights, therefore Mgb is not included in the fit for this object.
We find two GCs, 517 and 1182, which appear to be of intermediate age ∼5 Gyrs. Both are around solar metallicity ([Z/H]∼0), but with differing [E/Fe] (+0.3 vs -0.06). It is not clear whether these GCs are in fact intermediate aged or if the age-metallicity degeneracy is not broken effectively in these cases.
The three clearly young and metal-rich GCs are 89, 175 and 502; these will be shown as squares on all plots. Their α-element abundance ratios are all [E/Fe]∼0.3 within errors. It is interesting to note that these GCs are not amongst the brightest objects in our sample. All three are observed to be photometrically red. See Section 4 for more on the young GCs.
In summary, within errors, we find that the majority of Table 3 . GCs are consistent with an old age (≥ 10 Gyrs). There are two GCs with potentially intermediate ages ∼5 Gyrs, three GCs that are definitely young (2-3 Gyrs) and another GC that is most likely young. One means to test our SSP-derived metallicities is to compare them with those derived by the Brodie & Huchra (1990; BH) method, which was originally calibrated to old stellar populations. Fig. 2 shows good agreement for the SSP-derived metallicities of old GCs and estimates from the BH method. One would expect the BH method to give lower metallicities for young stellar populations. However, the "young" objects (ages <5 Gyrs), while systematically offset from the one-to-one line by ∼0.5 dex, are within the scatter of the full sample.
ID Hδ
A clear trend of decreasing [E/Fe] with increasing [Fe/H] is seen in Fig. 3 . For GCs associated with NGC 3379, Pierce et al. (2005b) used the index-index plots to confirm the suggestion of a trend in the χ 2 fit α-element abundances. Similar index-index plots for NGC 4649 GCs do not show the trend that is seen in the fitted parameters. In the case presented here there is the added complication of age differences between GCs, whereas the NGC 3379 GCs of Pierce et al. (2005b) were found to be universally old. It should be noted that we find no trend of α-element abundance ratios with age.
DISCUSSION
One of the more important factors for the χ fitting analysis used in this work is the determination of errors. Uncertainties in the background subtraction of sky and galaxy light introduces Lick index errors in addition to the easily quantifiable Poisson noise. The relative effect of these errors increases for fainter GCs, so in reality not only do fainter GCs have larger index errors, but also those errors are increasingly underestimated.
Assuming Gaussian errors due to photon noise, 95% of measurements should be within 2σ. For most objects we measure ∼16 indices, which means that when we apply a 2σ clip, only 1 index measurement should be excluded on average per object. For the application of χ 2 fitting to extragalactic GCs this is clearly not the case as we are often forced to exclude 3-7 indices at greater than 3σ before a stable result is obtained. Here we are also assuming that the SSP models are perfect. Both flux calibration and calibration to the Lick system introduce further errors and uncertainties.
The main manifestation of these unaccounted for errors is the increased difficulty in constraining ages and α-element abundance ratios for fainter GCs. In general, metallicities are less susceptible to these effects because of the large number (>10) of predominantly metallicity sensitive indices available. By contrast, there are only 3 primarily age indicators (i.e. the Hβ, Hγ and Hδ lines) and only a few strongly sensitive α-element indices.
This underestimation of errors probably occurs in all extra-galactic GC samples. For example, the large and homogeneous sample of Puzia et al. (2004) has index errors that appear underestimated by up to a factor of 2 based on the scatter in index-index plots. The χ 2 fitting method we apply is immune to this effect as long as the errors are uniformly underestimated by the same factor across all indices. However, it is unlikely this is the case as sky subtraction and galaxy light subtraction could affect every index differently. Despite these uncertainties, the χ 2 fitting method applied in this work appears to be robust to problems with individual indices. GCs strongly affected by error underestimation are easily identified during the fitting process. Modelling errors including horizontal branch morphology and α-element abundance prescriptions are also factors in the imperfect matching of observed data to the SSPs.
At least 3, and possibly 4, GCs are found to be young (2-3 Gyrs old) out of our sample of 38. This proportion is similar to the 2 young GCs from a sample of 10 found by Forbes et al. (2001) for NGC 1399, another large cluster elliptical with no signs of recent star formation. A 2-3 Gyr old central burst of star-formation that is approximately 10% by mass of the underlying old 10-14 Gyr population will cause a significant change to the spectral indices of the galaxy (e.g. Proctor et al. 2005 ). This has not been reported for the NGC 4649 galaxy light itself. Indeed, Terlevich & Forbes (2002) find the central stellar population of NGC 4649 to be ∼11 Gyrs old. There are no observations to suggest a significant recent burst of star-formation in NGC 4649 (the UV SED work of Magris & Bruzual (1993) suggest minor on-going star-formation). Do these young GCs suggest that some of the GCs associated with large cluster gEs are not formed in that galaxy? Two of the young GCs (87 and 175) are at large projected galacto centric radii (see Fig. 4 ). These GCs are on the opposite side of NGC 4649 to the nearby companion spiral NGC 4647 (see Fig. 1 of Bridges et al. 2006) . This result raises several possibilities, firstly that there was minimal galaxy star formation when these young GCs were formed and therefore GCs do not trace star formation particularly well. This would be contrary to what is commonly observed in other systems. Secondly, that our sampling is not representative of the overall GC population. This possibility is difficult to rule out. Thirdly, that GC accretion is a common enough process for large ellipticals that the GC system is "contaminated" by GCs formed in other galaxies and therefore the GC system is a complex trace of a combination of star-formation and galaxy assembly. More accurate ages and α-element abundance ratios are necessary to distinguish between local formation of the young GCs in massive ellipticals or accretion from nearby galaxies with more recent star-formation.
Our plot of α-element ratio with metallicity ( Fig. 3) is the most visually compelling indication of a trend of decreasing [E/Fe] with increasing [Fe/H] in the literature to date. A similar trend is seen less clearly in Pierce et al. (2005a) for NGC 1052 GCs, Puzia et al. (2005) for a sub-sample of bright GCs from 5 galaxies and Pierce et al. (2005b) for NGC 3379 GCs.
Not all observers find the same trend in α-element ratio's. Strader et al. (2004a) examine NGC 3610 GCs and appear to find an inverse trend to that presented in our Fig.  3 . Based on a comparison of Mgb vs <Fe> they find the majority of GCs to have solar or sub-solar α-element ratios. Four of the metal-rich GCs appear to have abundance ratios of +0.3 dex; interestingly two of these are old and two are young. Olsen et al. (2004) , with a sample of 6 GCs associated with Sculptor group galaxies, find 4 metal-poor ([Fe/H]<-1) GCs with abundance ratios around [α/Fe]=-0.3 and 2 metal-poor GCs with approximately solar abundances (see Fig. 8 of Olsen et al. 2004) . This is derived from the ratio of Mgb/<Fe>. We suggest, based on their Fig. 6 , that the calibration to the Lick system of Mgb and Fe5335 for their data may be a problem.
It is worth noting that α-element abundance ratio's are poorly constrained for low metallicities and it is therefore possible to argue that within errors the current larger samples, Pierce et al. (2005a,b) and Puzia et al. (2005) , are consistent with a universal value of [E/Fe]=+0.3 (consistent with Galactic α/Fe measures). The majority of GCs with well constrained α-element abundance ratio's are relatively consistent with this value within errors. The trend seen in all 3 data sets may then be attributed to modelling effects in the Thomas et al. (2004) models used for all these cases. A rough order of magnitude estimate can be made of the S/N required to differentiate the α-element abundance ratios of metal-poor GCs. The expected difference in Mgb between solar abundance and [E/Fe]=+0.3, for a 10 Gyr [Fe/H]=-1 TMK04 model, is 0.237Å. To be able to observe a difference of this magnitude spectra with S/N corresponding to Hβ errors of ∼0.13Å are required. For the sample presented here, only two GCs are sufficiently bright to reach that accuracy. Calibration to the Lick system and accurate flux calibration are necessary to make possible the detailed exploration of α-element abundance effects at low metallicities. To completely resolve the differences in α-element abundance ratios currently measured, spectra of substantially higher S/N than the current samples are required.
Considering index and index error uncertainties discussed at the beginning of this section we suggest that further work will be necessary to confidently determine if the metallicity α-element abundance ratio trend we observe is real or if it is an artefact of SSP modelling, χ 2 fitting and observation calibrations, both flux and to the Lick system.
CONCLUSIONS
We present ages, metallicities and α-element abundance ratios for 38 GCs around NGC 4649 based on our Gemini/GMOS spectra. These were derived by applying the multi-index χ 2 minimisation method of Proctor & Sansom (2002) to the SSP models of Thomas et al. (2004) . Close agreement is found with metallicity estimates derived according to the Brodie & Huchra (1990) method, with the young GCs systematically offset by a small amount (∼0.5 dex) as expected. We find 3, possibly 4, GCs with ages of approximately 2 Gyrs, two of these are at large galactocentric radii (17-20 kpc). The α-element abundance ratio decreases with increasing metallicity. The young GC fraction (≤10%) is consistent with the picture presented by "frosting" models of recent minor star formation in ellipticals (Trager et al. 2000) . In this particular case, noting the large galactocentric radii of 2 of the young GCs and the lack of evidence for recent star formation in the galaxy itself, it is quite possible that the young subpopulation was not formed natively, but instead has been accreted.
